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Low harmonic distortion in a Josephson arbitrary waveform synthesizer
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The use of broadband integrated filters has enabled practical operating margins for ac waveforms
synthesized from the perfectly quantized voltage pulses of Josephson junction arrays. This
improvement enabled the digital synthesis of arbitrary waveforms with low harmonic distortion; the
second and higher harmonics are all at least 94 dB below the fundarper&idldBc(carriep]. This

is a 47 dB lower distortion compared to that of the same sine wave synthesized by the
semiconductor-based code generator which drives the array. We present operating margins for
synthesized dc voltages and demonstrate synthesized waveforms with multiple tones at kilohertz
and megahertz frequencies with harmonic distortion and intermodulation products b&8owBc.
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We have achieved practical operating margins for arbi-quires both many junctions and a high pulse-repetition fre-
trary ac waveform synthesis using Josephson junction arrayguency. High pulse rates are particularly difficult to achieve
We demonstrate a Josephson arbitrary waveform synthesizasing semiconductor code generators; typical high-speed
with output voltage three times higher and harmonic distor-digital code generators clocked at 12 GHz generate pulses at
tion 14 dB lower than that of previous circuitsThis im-  a maximum bit rate of 6 GHz. Since this method generates
proved performance is due to the use of nondissipative lowpulses of only one polarity, it can synthesize only unipolar ac
pass filters on the output voltage taps and a four times largevaveforms with a dc offset.
array of 4096 Josephson junctions. With this circuit itis now  We recently described a method for synthesizing bipolar
possible to synthesize arbitrary waveforms with low har-waveforms with much higher output voltage in which the
monic distortion and stable, reproducible voltage amplitudearray is driven with a combined input waveform consisting
and phase. This precision arbitrary waveform synthesizeof the two-level digital code and a sine wav&he circuit
will be wuseful in high-performance audio- and radio- schematic for this method is shown in Fig. 1. The modulator
frequency(rf) applications, including ac voltage standards,algorithm converts the desired analog sighdlt) into a
low-noise radar, and electronic instrument calibration. “perfect” digital code; it reduces in-band distortion from the

We have been developing an ac voltage standard sour@piantization process, called quantization noise, and pushes it
based on controlling the perfectly quantized voltage pulsesut of band, usually to higher frequencfeé/e use a second-
of Josephson junctions since 1998he time-integrated area order two-level delta—sigma modulator algorithm that has
of every Josephson pulse is precisely equdl/ge, the ratio  been modified for use with this bipolar bias technique. The
of Planck’s constant and twice the electron charge. Digitaperiodic code of length\g is loaded into the circulating
synthesis using perfectly quantized pulses allows the generaaemory of the semiconductor code generator, which at-
tion of voltage waveforms with unprecedented accuracy antempts to reproduce the ideal digital code with its two-level
stability. In previous simulations and experiments we haveoutput. The array is biased by the combined signal of the
shown how voltage noise and timing jitter, intrinsic to all code generator and a sine wave through a directional coupler
semiconductor-switched digital code generators, create hat'C.” The low-pass filter removes the out-of-band quantiza-
monic distortion in a synthesized wavefofriwe have also tion noise and produces the desired synthesized sigi{&).
shown how the perfect area quantization of Josephson puls&®r a clock(and samplingfrequencyf, the minimum sig-
can recover the low harmonic distortion of the original digi- nal frequency is;=fs/Ns.
tal code that assumed perfect voltage levels and perfect tim- The optimum operating margins occur for this method
ing. when the sine frequendyis an odd half-integer multiple of

One of the main challenges in creating a practical and
useful Josephson arbitrary waveform synthesizer is generat-
ing large voltages. The maximum output voltage of a series Modulator] V(i) | Code Clock
array of junctions i&/=nNf(h/2e), wheren is the number @-’ Algorithm ==——Jpp| Generatorie f
of quantized output pulses per input puldkjs the number 01101 J LI S
of series junctions, and is the input pulse frequency. The Vp
areah/2e of each quantized pulse is very small, approxi- I
mately 24V/GHz. In order to generate a waveform with a 1 @* Analog Josephson
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FIG. 1. Bipolar circuit schematic of the Josephson arbitrary waveform syn-
dElectronic mail: benz@boulder.nist.gov thesizer based on a Josephson junction pulse-quantizing array.

V peak amplitude, many pulses ¥8.0*pulses/s) must be Low Pass Pulse
synthesized and controlled. Thus, high-voltage output re- Filter Quantizer
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FIG. 2. Bias current range for 101 patterns of a 100 bit code synthesizing dc

voltages betweenr-63.5 and+63.5 mV. 0

the clock frequencyfs (eg., 3/2, 5/2° The relative phase 20

between the clock and the sine wave is maintained with a 1(
MHz reference signal. In this bipolar methbthe maximum 40
output frequency is determined by the sine frequency, anc § ~
can result in at least a sixfold increase in peak-to-peak volt-8
age[for f=(3/2)f] compared to the unipolar method using ~
the same code generator.
The circuit improvements for the results presented in this g
letter include increasing the number of junctions from 1000 A~
to 4096, and replacing the previous %D resistor output -100
voltage taps with nondissipative superconducting low-pass C
filters. The junctions are &m diameter with a critical cur- -120 —
rent of 8.2 mA and a normal state resistance of 2(T. fhey (b)
are spaced at gm along a 500 coplanar waveguide that is
terminated with a 5@\ resistor. The voltage across the array g, 3, (a) 2.86 kHz sine wave synthesized by the Josephson arbitrary
is measured through two low-pass filters each having a @iaveform synthesizer. Peak amplitude is 60.3 rthy. Same tone synthe-
GHz cutoff frequency. The filters contain compact Squaréized by thg semiconductor digita_ll code generator and used to drive the
superconducting inductor coils that are 4.25 turns wiflan% Josephson junction array. Resolution bandwidth for the spectra is 13.8 Hz.
Nb wire spaced at 1..wum. The superconducting integrated
circuit is cooled ® 4 K in a 1 mlong cryoprobe. For these GHz. These high-frequency signals remain in the broadband
measurements the clock frequency was 3 GHz and the sirteansmission line, preventing standing waves in the distrib-
frequency was 7.5 GHz. uted array that occurred in previous circuits with resistive
We measured the bias range of dc voltage steps synthéias taps. Controlling the filter characteristics, especially the
sized with a periodic 100 bit pattern. Figure 2 shows thestop-band transfer function, is critical to improving the oper-
current range of the 101 different voltage steps. The currersting margins of the array.
range for all steps is greater than 2.7 mA. The 1.3 mA cur- In addition to the measured operating margins for dc
rent range common to all steps defines the operating rangeltage synthesis, we have found similar operating margins
for this circuit. This range is two times larger than the pre-for arbitrary synthesized waveforms. In previous demonstra-
viously measured operating range for the smaller 1000tions using resistive filters we observed increased harmonic
junction arrays with resistive filtefs Furthermore, for the distortion whenever the code amplitude or phase was altered
resistive-filtered array, two specific bit patterns were foundfrom the minimum distortion valueghus no margins With
to be extremely sensitive to the amplitude of the two-levelthe low-pass filter circuits, we observe the same low distor-
code and its phase relative to the sine frequency, so thet@n over a range for each bias parameter, indicating nonzero
were essentially no operating margins for code amplitudeperating margins.
and relative phase. The operating range of the 4096-junction Figure 3a) shows the power spectrum of a 2.86 kHz
array with the low-pass filters is not limited by any single bit sine wave synthesized using the low-pass filter circuit and a
pattern. An overlapping current range can be found for @048 576-bit-long digital code. The peak voltage amplitude
finite range of every bias parameter, including phase and 0.95 times the maximum 63.5 mV voltage. The waveform
amplitude, resulting in the nonzero operating margins for thénas very low distortion; the second and higher harmonics are
waveform synthesizer. all at least 94 dB below the fundamentat 94 dBc). This
These improved margins are a result of the improvedvaveform was amplified by a differential preamplifier with a
broadband response of the low-pass filters. The filters prot MHz bandwidth and a 50 gain. The preamp was neces-
vide a high impedance for signals at frequencies above 8ary to reject the common-mode signal from the termina-
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FIG. 4. Multiple-tone staircase waveforms synthesized by the JosephsoflG: 5- 4.90 and 5.00 MHz tones synthesized by the Josephson arbitrary
arbitrary waveform synthesizer. 2.86 kHz sine wave with consecutive highetVaveform synthesizer. Resolution bandwidth is 10 Hz.

harmonics in decrements of 10 dB. Resolution bandwidth is 47.7 Hz.

tones. The array output is buffered by a 100 MHz differential
{preamp with unity gain to reduce the common-mode signal

tion resistor. The common-mode rejection specification o,[0 the spectrum analvzer. The outout voltage leads from the
the preamp is only 95 dB and distortion is specified at only P yzer. P 9

0.01% (—80dBc). The amplified waveform was measured &Y to the top of the cryoprobe are designed for audio fre-

with a 10 MHz fast Fourier transforEFT) spectrum ana- quencies may result in significant rf coupling between bias
. . . ; . lines. Nevertheless, even with this poor rf desigr80 dBc
lyzer with a harmonic distortion specification of only

—75dBc. The width of each tone and the noise floor is lim-1> & significant improvement over the53 dBc harmonic dis-

ited by the resolution bandwidth. Thus, the measured distort-ortlon from th(_a semiconductor digital code generator. .
In conclusion, we demonstrated a Josephson arbitrary

tion of our synthesized waveform is at or below the specifi- . . ) .
. : waveform synthesizer with operating margins. We have syn-
cations of our measurement equipment.

Figure 3b) shows the power spectrum of the digital thesized audio-frequency waveforms of single and multiple

code generator that drives the Josephson array. The harmor%locnes with harmonic distortion on the order of our measure-

distortion is only— 47 dBc. This distortion is within the code ment capabilities. By improving common-mode and rf cir-

amplitude operating margins of the Josephson array, so th%u't design, we hope to demonstrate improved performance

: . : at higher frequencies. These improvements should enable
array can still perfectly quantize this waveform and reduce[his system to be used as an ac voltage standard and for
the distortion by at least 47 dB.

Next, we demonstrate the arbitrary synthesis capabilityCharaCtenzmg the frequency response of high-performance

of this source by synthesizing multiple-tone waveforms. Fig_electronlc Instrumentation.

ure 4 shows the power spectrum of a 2.86 kHz tone com-  The authors thank Fred Walls for use of his FFT spec-
bined with higher harmonics whose amplitudes are intentiontrym analyzer and Clark Hamilton for helpful conversations.
ally decreased in 10 dB increments. No distortion orThis work is supported in part by Office of Naval Research
intermodulation products are observed within the resolutiorcontract Nos. NO00014-99-F-0127 and NO00014-00-E-
of the spectrum analyzer. Immediately across the on-chip154. This U.S. Government work is not protected by U.S.
array the voltage amplitude is perfectly defined through the;opyright.
digital code and the perfectly quantized pulses. However, the
bandwidth of the output filters, cryoprobe wiring, and | .
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